Introduction
Most synthetic dyes are toxic or mutagenic and carcinogenic, and it is an important environmental challenge to remove them from processing or waste effluents. 1−3 In recent years, transition metal oxides of the type MFe 2 O 4 nanostructures have attracted scientific and technological attention due to the fact that they possess interesting optical, magnetic, electrical, and heterogeneous catalytic properties. 4−7 These magnetic nanomaterials with excellent properties and cubic inverse spinel structure can be employed in the industrial photodegradation of organic dye pollutants.
8−12
Synthetic porphyrins have been extensively used as catalysts for hydroxylation of organic compounds under mild conditions since 1979. 13−15 However, their use in homogeneous systems is limited by drawbacks:
the porphyrin ring is liable to oxidative self-destruction and they are subject to aggregation through π − π interaction.
16,17
Immobilization of porphyrins on magnetic nanoparticles as supports can offer several advantages over traditional solution-phase chemistry. For example, the solid-supported porphyrins have higher stability and increased selectivity. 17−20 In addition, electron transfers increase when they are adsorbed on nanomaterials.
The greatest advantage of magnetic nanoparticle-supported porphyrin is that it can be simply recycled and reused several times without significant loss of activity.
21−30
The enhancement of accumulation of porphyrin photosynthesizers against biological substrates can be achieved by conjugate formation with biomolecules (e.g., amino acids, proteins).
8,31,32
In the present paper, we describe the facile synthesis of lysine conjugated porphyrin and its coating on CdFe 2 O 4 nanoparticles. These nanoparticles were successfully synthesized by a self-assembly method of reflux reaction. Ethylenediaminetetraacetic acid (EDTA), a powerful complexing agent that is widely commercially available, was used as chelate agent during the reflux procedure. The phase structures, morphologies, particle size, and chemical compositions of the nanoparticles were characterized by FT-IR, XRD, VSM, SEM, and UV-Vis spectrophotometer. The photocatalytic activity of the as-prepared nanoparticles was measured by photodegradation of methylene blue (MB) as the dye model under visible illumination. The impetus for this is that the photocatalyst, utilized as a suspension, can be easily separated after the treatment. The photocatalyst, once separated, can be reused due to its regenerative property under the photocatalytic reaction.
Experimental section

Materials of synthesis
EDTA, ammonia (NH 3 ), L-lysine, and tetrakis(carboxyphenyl)porphyrin (TCPP) were supplied as initial reagents to synthesize porphyrin coated paramagnetic CdFe 2 O 4 nanoparticles. MB (3,7-bis(Dimethylamino)-phenothiazin-5-ium chloride) was used as the model dye. Absolute ethanol (CH 3 CH 2 OH) and N,N dimethyleformadie (DMF) were applied as solvents in all reactions. All of the chemicals used in this work were purchased from Merck and used without further purification.
Synthesis of paramagnetic CdFe 2 O 4 nanoparticles
Magnetic cadmium ferrite (CdFe 2 O 4 ) nanoparticles were synthesized by self-assembly route. As a complexing agent, 1.1 g of EDTA was dissolved in 30 mL of deionized water. Stoichiometric weights of FeSO 4 .7H 2 O and Cd(NO 3 ) 2 .4H 2 O as starting materials were dissolved in sufficient amounts of deionized water and poured into the reflux flask. The solution was allowed to stir for 1.5 h at 90
• C. Subsequently, 20 mL of ammonia solution (5 M) was slowly dropped into the mixture of the reflux and the reaction continued at the same temperature for 3 h. The reaction was completely performed under nitrogen atmosphere to prevent further oxidation of the prepared nanoparticles. At the end, the obtained precipitation was collected, washed with distilled water, and then dried at 70 • C overnight. Following this step, the obtained precursor was heated at 550 • C for 2 h at a rate of 10
• C/h under nitrogen atmosphere to prepare the paramagnetic nanoparticles.
Synthesis of lysine conjugated tetrakis(carboxyphenyl)porphyrin (LTCPP)
In order to prepare this product, LTCPP, a stoichiometric amount of TCPP dissolved in 100 mL of absolute ethanol and DMF (1:1) mixture was slowly injected into 150 mL of solution of lysine in ethanol under continual stirring and nitrogen atmosphere. The reflux reaction was performed at 70
• C for 12 h. The synthesized sample was collected and washed with distilled water and subsequently ethanol to remove the excess reagents. The obtained precipitation was dried at 70
• C overnight and then was employed for coating on the prepared CdFe 2 O 4 nanoparticles.
Preparation of porphyrin coated magnetic nanoparticles (LTCPPNP)
Some 300 mg of cadmium ferrite nanoparticles dispersed by ultrasonic wave energy was added to 50 mg of LTCPP dissolved in 100 mL of ethanol. The mixture was sonicated for 1 h and then was transferred to a reflux container and the reflux reaction was performed at 70
• C for 12 h under continual stirring and N 2 atmosphere.
Finally, the obtained product was collected and after washing with distilled water several times was dried at 70 • C overnight.
Photocatalytic activity
The photocatalytic activity of the synthesized paramagnetic CdFe 2 O 4 nanoparticles and TCPP coated CdFe 2 O 4 nanoparticles was measured by degradation of MB as a model dye in aqueous solution under visible light irradiation. In order to establish the adsorption-desorption equilibrium, each beaker containing magnetic products and related dye solution was left in the dark and magnetically stirred for 15 min before starting the photocatalytic reaction. In the photocatalytic experiments, a certain amount (0.01 g) of photocatalyst was separately poured into a 50-mL beaker containing 25 mL of related dye solution with an initial concentration (
and magnetically stirred for 6 h under visible irradiation. At given intervals of irradiation (1 h), portions of the suspension were taken out of the reaction vessel and easily separated using a permanent magnet and then analyzed by UV-Vis spectrophotometer. Next, the remaining concentration of MB solution was studied by a UV-Vis spectrophotometer at a wavelength of 668 nm.
Characterization
The powder X-ray diffraction (XRD) measurements were carried out using a Jeoljdx-8030 diffractometer with spectra were recorded on a Shimadzu-8400S spectrometer in the range of 400-4000 cm −1 using KBr pellets.
The magnetic properties of the sample were recorded by using a vibrating sample magnetometer (VSM, MDK6, Magnetis Daghigh Kavir Co., Iran). Scanning electron microscopy (SEM) images were obtained on a Philips XL-30 with gold coating to prove the presence of elements. Diffuse reflectance spectra (DRS) were prepared via a Shimadzu (MPC-2200) spectrophotometer to investigate the photocatalytic ability of magnetic nanoparticles. The UV-Vis absorption study was performed at room temperature in the wavelength range of 190-800 nm on a UV-Vis spectrometer (Shimadzu UV-1700). Figure 1 shows the FT-IR spectra of the prepared cadmium ferrite nanoparticles. The FT-IR spectrum of cadmium ferrite before calcination obtained from the reflux reaction is indicated in Figure 1a . The observed peaks in this spectrum are related to the organic groups of synthesized precursor. The broad peak observed Figure 3 
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The size of 43 nm and standard deviation of 3.10. A histogram of the particle size distribution for the obtained product (shown in Figure 4c ) was determined by microstructure measurement program and Minitab statistical software. The observed agglomeration can be a result of high magnetization of samples. In fact, due to the large surface area-to-volume ratio and magnetic dipole-dipole interactions between the synthesized particles, these nanoparticles are prone to aggregate. Therefore, the as-prepared nanosized sample exhibits the ferrimagnetic characteristic. The hysteresis loop of an S-shaped curve having the slight remanence effect can be indicative of the ferrimagnetical nature of the product. Thus, the magnetization curves of the samples show strong magnetic behavior with high saturation magnetization and slender hysteresis. 34−36 The resulting values of saturation magnetization are considerable in comparison with the reported values for this material so far. 34,37−39 Substitution of cadmium ions into crystalline structure causes the soft magnetic properties. It is found that the magnetic properties of samples improve owing to reduction in particle size so that the sample of pure cadmium ferrite nanoparticles indicates higher Ms than another one.
Photodegradation activity
The possibility of using CdFe 2 O 4 and LTCPP coated CdFe 2 O 4 nanoparticles for the photodegradation of dyes such as MB was evaluated by examining the degradation efficiency of MB in the presence of visible light irradiation. Photocatalytic efficiency was evaluated based on the absorption intensity of MB solutions at different times. In addition, the decolorizing efficiency was inferred from Eq. (1):
where C 0 is the initial concentration of dye before the reaction happens, and C i is the concentration of dye after the treatment with prepared products at various illumination times. Figures 6 and 7 illustrate the changes in MB absorbance versus wavelength (nm) in the presence of pure CdFe 2 O 4 nanoparticles and porphyrin coated CdFe 2 O 4 nanoparticles, respectively, for 2 h at room temperature. In the absence of light irradiation, the slight value of MB on both resulting samples is adsorbed. In fact, when no nanoparticles are present, the light irradiation leads to negligible degradation of MB. It was found that the degradation values increased with the introduction of prepared magnetic products into colored aqueous solution. Figure 8 represents the decolorizing efficiency of MB by employing both products. It is observed that the photodegradation was increased from 76% ( Figure 8a ) to 89% (Figure 8b ) by replacing CdFe 2 O 4 nanoparticles with LTCPP/CdFe 2 O 4 nanoparticles. This result revealed that such a modest enhancement can be attributed to the slight difference in the band gap energies. Figure 9 shows the band gap energy curves of the pure nanoparticles ( Figure 9a ) and porphyrin coated nanoparticles (Figure 9b ) based on UV-Vis spectrum and using the Tauc equation as follows:
where hν is the photon energy, α is the absorption coefficient, B is a constant value, E g represents the band gap energy, and n is related to direct and indirect transitions. By plotting of (αhν) 2 vs. hν in eV and by determining the extrapolation point, the band gap energies are calculated. However, the resulting nanomaterials have the appropriate photocatalytic behavior, which can be explained by the injection of electrons to the conduction band by porphyrin molecules coated nanoparticles. Likewise, it is concluded that the coating of nanoparticles by porphyrin molecules leads to better dispersion of magnetic nanoparticles in the solution and to a higher degradation of the pollutant.
A suggested mechanism of photodegradation behavior is shown in the Scheme. When the visible light is irradiated on the surface of LTCPP coated CdFe 2 O 4 , the sum of the electrons is excited from valence band (VB) to conduction band (CB). Subsequently, these electrons in the CB reduce O 2 molecule adsorbed on the surface of the catalyst and transform into singlet O 2 and then H 2 O 2 and OH radical, which oxidize the dye molecules to CO 2 and H 2 O. 
Conclusion
Uniform CdFe 2 O 4 nanoparticles with an average size of 43 nm and saturation magnetization (Ms) of 65.09 were synthesized by using a facile reflux reaction followed by heating treatment. Then the obtained magnetic ferrimagnetic nanoparticles were successfully coated by lysine conjugated porphyrin to improve the photocatalytic activity in the visible domain. This process was evaluated using MB as a dye model. The dye removal efficiency on the pure cadmium ferrite after 2 h of visible light was improved from 76% to 89% due to sensitizing of the nanoparticles with porphyrin molecules. This performance is explained by improved flow of the excited electrons to the conduction band and high dispersion of the particles by covering the surface of cadmium ferrite nanoparticles with a thin layer of LTCPP molecules. The good efficiency and simple separation of catalyst after photocatalytic treatment by a permanent magnet make these products suitable for many applications in this field.
